Introduction
Growth differentiation factor 11 (GDF11), a circulating TGF-b superfamily member, is a recently discovered anti-ageing factor in mice. 1 -3 Its age-related decline has been reported to lead to ageing of the heart, brain, and skeletal muscle in mice. 1 -3 Administration of recombinant GDF11 to aged mice that restores circulating GDF11 to its youthful levels reverses age-related changes in cardiovascular structure and function; it reverses age-related cardiac hypertrophy, 2 and favourably affects vascular remodelling and blood flow. 1 To date, GDF11 has not been investigated in humans. Specifically, in humans no evidence links circulating levels of GDF11 to the risk of cardiovascular events, all-cause death, cardiac hypertrophy, or to advancing age. Accordingly, we aimed to characterize the association of GDF11 with (i) cardiovascular events and overall deaths, (ii) left ventricular hypertrophy (LVH), and (iii) age, using data from the San Francisco-based Heart and Soul study, a prospective cohort of participants with stable coronary heart disease (CHD). 4, 5 We hypothesized that lower levels of GDF11 are associated with higher rates of cardiovascular events, overall deaths, and LVH and that circulating GDF11 levels are lower in older individuals. We replicated the key findings from the Heart and Soul study in a European (Norwegian) cohort of subjects with stable CHD from the HUNT3 study. 6 Myostatin (GDF8) is a close structural homologue of GDF11, with 90% amino acid sequence identity shared in their mature active forms. 7 Growth differentiation factor 11 and 8 are also functionally redundant as they share the same activin type II receptors and activate the SMAD2/3, p38, and ERK pathways to a similar degree. 8 Most assays, including ours and those in published studies, 1 -3 do not distinguish between these homologous proteins 8, 9 and we will thus refer to the protein as GDF11/8.
Methods

Study population
The Heart and Soul study is a prospective cohort study originally designed to investigate psychosocial factors and health outcomes in patients with stable CHD. Recruitment methods and study design have been published. 4 Briefly, between September 2000 and December
2002
, we recruited 1024 outpatients with stable CHD from 2 Veterans Administration Medical Centers (Palo Alto and San Francisco), 1 university medical center (University of California, San Francisco), and 9 public health clinics in the Community Health Network of San Francisco. Eligible participants met one or more of the following criteria: (i) history of myocardial infarction (MI); (ii) evidence of at least 50% stenosis in one or more coronary arteries on cardiac catheterization; (iii) evidence of exercise-induced ischaemia by treadmill electrocardiogram or nuclear perfusion stress imaging; or (iv) a history of coronary revascularization. We excluded individuals with a history of MI in the previous 6 months, inability to walk one block, or planning to move out of the local area within 3 years. All participants completed a baseline examination that included an interview, fasting blood draw, questionnaire, echocardiogram, and exercise treadmill test. Of the 1024 original study participants, 85 were excluded because of missing or inadequate blood specimens and 11 were excluded due to missing echocardiographic data. The remaining 928 participants are the analytic cohort for this study. This study complies with the Declaration of Helsinki. The institutional review board approved this protocol, and all participants provided written, informed consent.
Baseline measurements
Before the study appointment, participants fasted overnight except for taking their prescribed medications. A 21-gauge butterfly needle was inserted intravenously in the forearm after a 30-min supine rest, and blood samples were drawn into chilled EDTA tubes, divided into aliquots and stored at 2708C. We measured plasma GDF11/8 levels using a modified aptamer-based proteomic platform (SOMAscan TM , SomaLogic, Inc., Boulder, CO). 9 The lower limit of quantitation of this assay is 6.5 pg/mL and intra-assay and inter-assay CV is ,6%. Participants underwent transthoracic echocardiography at rest during baseline examination. Details of echocardiographic methods in the Heart and Soul cohort have been published. 5 Left ventricular ejection fraction (LVEF) was calculated as end-diastolic volume minus end-systolic volume divided by end-diastolic volume. Patterns of LV diastolic dysfunction were based on mitral inflow E/A ratios of peak velocities at early rapid filling (E) and late filling due to atrial contraction (A) and systolic or LV diastolic dominant pulmonary venous flow using velocity time integral based on previously published criteria.
12
A single experienced cardiologist (N.B.S.) who was blinded to all other clinical information interpreted the echocardiograms. 5, 10 Reliability of LVMI measurements is presented in Supplementary material online. Age, sex, race, medical history, and smoking status were determined by questionnaire. We measured height and weight and calculated body mass index (kg/m 2 ). The New York Heart Association (NYHA) functional classification was assessed as a self-reported limitation of physical activity due to cardiovascular symptoms (fatigue, shortness of breath, or chest pain). We measured serum creatinine, cystatin C, total cholesterol, and high-density lipoprotein from fasting blood samples drawn at the baseline study appointment. Estimated glomerular filtration rate (eGFR) was calculated using the CKD Epi equation. 13 
Follow-up
We conducted annual follow-up interviews with participants (or their proxy) to inquire about death or interval hospitalization for 'heart trouble'. For any reported event, two independent and blinded physician adjudicators reviewed medical records, electrocardiograms, death certificates, and coroner's reports. If the adjudicators agreed on the outcome classification, their classification was binding. In the event of a disagreement, a third blinded adjudicator was consulted.
We defined heart failure (HF) as hospitalization for a clinical syndrome based on the Framingham congestive HF criteria.
14 Stroke was defined as a new neurological deficit not known to be secondary to brain trauma, tumour, infection, or other cause. Myocardial infarction was defined using standard diagnostic criteria. 15 Death and cause of death were determined through review of death certificates, medical records, and coroner's reports. Cardiovascular death was defined as (i) death during the same hospitalization in which an acute MI was documented or (ii) death not explained by other causes and that occurred within 1 h of the onset of terminal symptoms.
GDF11/8, cardiovascular outcomes and mortality in humans
HUNT3 cohort
We replicated the association of GDF11/8 with cardiovascular events discovered in the Heart and Soul study in 971 individuals from the European HUNT3 cohort. The HUNT cohort is a population-based cohort for health-related research in the Nord-Trøndelag County, Norway. 6 A detailed description of the HUNT3 cohort can be found in the Supplementary material online.
Statistical analysis
GDF11/8 levels were normally distributed. We divided participants into quartiles by plasma GDF11/8 levels. We compared baseline characteristics by quartile of GDF11/8 level using x 2 tests for categorical characteristics and analysis of variance for continuous characteristics. Multivariable Cox proportional hazards models were used to compare the rates of HF hospitalization, stroke, MI, death, and the composite of HF, stroke, MI, or death across quartiles of GDF11/8 level. Models were adjusted for age, sex, race, hypertension, diabetes mellitus, history of prior MI, LVEF, eGFR, and medication (b-blocker, statin, and ACE-inhibitor or ARB) use. We also evaluated the association between GDF11/8 as a continuous variable and cardiovascular events. Proportional hazards assumptions and the absence of co-linearity were verified for all models. No evidence of departure from linearity was present in the continuous GDF11/8 model. We evaluated for interactions by age, sex, race, the presence of LVH, LVEF , 50%, and eGFR , 60 mL/min. Supplementary material online contains details of C-statistic and net reclassification analysis.
For replication of Heart and Soul findings in the HUNT3 cohort, the same analysis strategy was used. Models were adjusted for age, sex, hypertension, diabetes, history of MI, and eGFR. Models were not adjusted for race because the HUNT3 cohort is racially homogenous. Models were not adjusted for ejection fraction or medication use because this data was not available in the HUNT3 cohort.
Logistic regression models were used to estimate the association between GDF11/8 and LVH in the Heart and Soul cohort. Models were adjusted for age, sex, race, hypertension, diabetes mellitus, history of prior MI, and LVEF. Analysis of variance was used to compare GDF11/8 levels across age strata.
Analyses were performed using Stata versions 10.0 and 12.0 (StataCorp, College Station, TX). All reported P-values are two-sided, with a P-value of ,0.05 considered to indicate statistical significance.
Results
Sample characteristics
The Heart and Soul cohort was 82.2% male and 60.2% white (non-white ¼ black: 16.5%, Hispanic: 8.5%, Asian: 11.5%, other: 3.2%), with a mean age of 66.9 years. Compared with participants in the lowest quartile, those in the highest quartile of GDF11/8 were younger, healthier, more likely male, and less likely white ( Table 1) . They were less likely to have a history of MI or HF. They were less likely to have impaired left ventricular relaxation or NYHA Functional Class III or IV HF symptoms. They had better renal function.
Cardiovascular outcomes and death
After a median follow-up of 8.9 years, 367 participants (39.6%) died, 166 participants (17.9%) were hospitalized for HF, 45 participants (4.9%) experienced a stroke, 128 participants (13.8%) suffered an MI, and 450 participants (48.5%) experienced any cardiovascular event or death (Figure 1 and Supplementary material online, Table S1 ).
When participants in the highest quartile of GDF11/8 were compared with those in the lowest quartile in unadjusted analysis, hazard ratios for individual cardiovascular outcomes or death ranged from 0.35 to 0.47 and were all significant at P , 0.05 level ( Figure 1 and Table 2 ). These relationships persisted after adjustment for demographic variables, clinical risk factors, and medication use. Notably, participants in the highest quartile of GDF11/8 had a lower risk of all-cause death than those in the lowest quartile [adjusted hazard ratio (HR), 0.37; 95% confidence interval (CI), 0.26-0.52; P , 0.001]. GDF11/8 was likewise associated with cardiovascular-specific mortality (adjusted HR for Q4 vs. Q1, 0.26; 95% CI, 0.14 -0.46; P , 0.001). After multivariable adjustment, participants in the highest quartile of GDF11/8 had lower risk of HF hospitalization (HR, 0.57; 95% CI, 0.36 -0.92; P ¼ 0.02), stroke (HR, 0.32; 95% CI, 0.12 -0.83; P ¼ 0.02), and MI (HR, 0.52; 95% CI, 0.29 -0.92; P ¼ 0.03) than did participants in the lowest quartile of GDF11/8 ( Table 2) . Participants in the highest quartile of GDF11/8 had lower risk of the composite endpoint (HF, stroke, MI, or death) than those in the lowest quartile in multivariable adjusted analysis (HR, 0.45; 95% CI, 0.33-0.60; P , 0.001) ( Table 2 and Supplementary material online, Figure S1A ). Estimates of the association between GDF11/8 and cardiovascular events were not meaningfully changed (,5% change in estimate) with the addition of LVH, LVMI, or diastolic function to the model. A significant interaction was present between race and GDF11/8 as a continuous variable for the composite outcome (P ¼ 0.02 for interaction). Compared with whites with low GDF11/8, whites with high levels of GDF11/8 had a lower risk of the composite outcome (adjusted HR, 0.67; 95% CI, 0.56-0.80 per SD increase in GDF11/8 level), while GDF11/8 level was not significantly associated with increased risk among non-whites (adjusted HR, 0.89; 95% CI, 0.74 -1.07 per SD increase in GDF11/8 level). The association between GDF11/8 and the composite outcome did not vary by age, sex, LVEF, LVH, or eGFR (P-value for interaction .0.10 for all).
In the Norwegian HUNT3 cohort, after a median follow-up of 4.5 years, 133 participants died, 107 participants were hospitalized for HF, 62 participants experienced a stroke or transient ischaemic attack (TIA), 90 participants suffered an MI, and 273 participants experienced any cardiovascular event or death. The relationship between GDF11/8 and key baseline characteristics observed in the Heart and Soul cohort was reinforced in HUNT3, with participants in the highest quartile being younger and more predominantly male (Supplementary material online, Table S2 ). The relationship between plasma GDF11/8 levels and individual cardiovascular endpoints (HF, stroke/TIA, MI, and death) or their composite endpoint observed in our Heart and Soul cohort was replicated in the Norwegian HUNT3 cohort (Figure 2 , Supplementary material online, Table S3 and Figure S1B ). Participants in the highest quartile of GDF11/8 had markedly lower risk of composite cardiovascular endpoint (HF, stroke/TIA, MI, or death) than those in the lowest quartile, both unadjusted (HR, 0.24; 95% CI, 0.16-0.35; P , 0.001) and in multivariable adjusted analysis (HR, 0.34; 95% CI, 0.23 -0.51; P , 0.001).
While the focus of this study is on the cardiovascular pathobiology of GDF11/8 in humans and not on GDF11/8 as a potential biomarker of cardiovascular risk, for interested readers we have included discrimination and reclassification performance metrics for GDF11/8 when added to an existing clinical secondary cardiovascular risk prediction model (Supplementary material online, Tables S4 and S5).
Left ventricular hypertrophy
Of the 928 participants in the Heart and Soul cohort, 368 (39.7%) had LVH by echocardiogram. The percentage of participants with LVH increased with decreasing quartile of GDF11/8 ( Figure 3) . Thirty-one per cent of participants in the highest quartile had LVH compared with 46% in the lowest quartile (unadjusted OR, 0.55; 95% CI, 0.37 -0.80; P ¼ 0.002, Table 3 ). This relationship remained after adjustment for demographics and clinical risk factors (OR, 0.55; 95% CI, 0.35-0.86; P ¼ 0.009). Similarly, when we modelled GDF11/8 as a continuous variable, higher levels of GDF11/8 were associated with lower odds of LVH (adjusted OR, 0.80; 95% CI, 0.67-0.95; P ¼ 0.01 per SD increase in GDF11/8 level).
GDF11/8 and age
In both the Heart and Soul and the HUNT3 cohorts, GDF11/8 levels were lower in older participants. Figure 4 demonstrates GDF11/8, cardiovascular outcomes and mortality in humans relationship of plasma GDF11/8 levels to age in the Heart and Soul (A) and HUNT3 (B) cohorts.
Discussion
To the best of our knowledge, this is the first study to investigate the association of GDF11/8, factor(s) that putatively regulate the ageing process in mice, 1 -3 with cardiovascular outcomes and all-cause mortality in humans. In two independent cohorts across two continents totalling 1899 subjects with stable CHD, we found markedly reduced risk of incident HF hospitalization, stroke, MI, and all-cause death in those with higher circulating GDF11/8 levels. These relationships remained significant after adjustment for demographic and clinical covariates. Additionally, we found that higher levels of GDF11/8 are associated with lower prevalence of LVH. We also found that GDF11/8 levels are lower in older individuals. These data suggest that GDF11/8 characteristics in humans are similar to those reported in mice. 2 Taken in the context of mechanistic studies in mice, 1,2 our findings support the hypothesis that GDF11/8 is a circulating factor that protects against adverse cardiovascular events, cardiac hypertrophy, and death. Despite the relatively narrow age range of our human subjects compared with the extremes of age reported in mice, we detected an age-related decline in GDF11/8 in both cohorts ( Figure 1A and B) . In context of the studies in mice relating biological ageing to a decline in GDF11/8 levels, 1 -3 our findings support the hypothesis that age-related decline in GDF11/8 might also contribute to cardiovascular ageing in humans. We also found that GDF11/8 levels vary by sex, being lower in females compared with males ( Table 1 and Supplementary material  online, Table S2 ), a finding not previously described in mice. Furthermore, we found that whites compared with non-whites had both lower levels of GDF11/8 ( Table 1 ) and a stronger link between circulating GDF11/8 levels and adverse cardiovascular outcomes. This finding may explain why the association between GDF11/8 and cardiovascular events was numerically stronger in HUNT3, a homogeneous white cohort, compared with the racially mixed Heart and Soul cohort.
The overarching purpose of our study was to establish whether the protective cardiovascular and anti-ageing characteristics of GDF11/8 described in mice may apply to humans, a goal met affirmatively. The potential biological mechanisms behind these observations in humans have to be viewed in context of parallel experimental investigations. GDF11/8 in mice has both myocardial (anti-hypertrophic) and vascular effects (favourable vascular remodelling and increased blood flow).
1,2 In our study, LVH and diastolic dysfunction were not found to meaningfully weaken the association between GDF11/8 and outcomes when added to the models as covariates. The reasons for this finding are not entirely clear, as we have demonstrated the association of GDF11/8 with both LVH and outcomes, and it is well documented that LVH is associated with outcomes of HF, stroke, MI, and death. 5,10,16 -18 Perhaps the accuracy of measurement was not sufficient to characterize this relationship. However, it is also likely that the favourable impact of GDF11/8 on cardiovascular outcomes and cardiovascular deaths GDF11/8, cardiovascular outcomes and mortality in humans is mediated largely by its known benefits on arterial remodelling and blood flow. 1 The remarkably strong association between GDF11/8 and overall deaths observed in both of our cohorts is also consistent with benefits of GDF11/8 that extend beyond the cardiovascular system to other organs. This notion is supported by the broad tissue distribution of GDF11 and GDF8. 
Clinical implications
Given reports of GDF11/8 in mice as cardioprotective and antiageing, 1 -3 now reinforced with our human outcomes data, it is plausible to consider targeting this pathway to reduce cardiovascular risk and other adverse outcomes associated with ageing.
Limitations
We have studied two cohorts of subjects with stable CHD across two continents. Future studies will need to generalize our findings to other populations, including populations free of cardiovascular disease and populations with higher proportions of women (18% in Heart and Soul and 28% in HUNT3). In this study, as in any observational study, residual confounding may influence results. Because of their high structural homology, our assay does not distinguish circulating GDF11 and GDF8. 8, 9 This does not diminish the significance of our findings as the functions of the two circulating proteins appear identical, both proteins binding to the same activin II receptors and activating the same effector pathways. 8 The relative contributions of GDF11 and GDF8 will require further study as more selective SOMAmer reagents become available. 9 In summary, in two independent cohorts with baseline CHD, we found that lower levels of GDF11/8 are associated with higher rates of incident cardiovascular events and overall deaths as well as higher prevalence of LVH. GDF11/8 levels are lower with higher age, a finding relevant to understanding the biology of human ageing. Based on findings in mice 1 -3 translated to humans in our study, GDF11/8 may represent a valuable therapeutic target for treating cardiovascular diseases and possibly even modulating the ageing process.
Supplementary material
Supplementary material is available at European Heart Journal online.
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